We developed a direct measurement method for comprehensive analyses of Kerr and plasma effects that cooperated or competed with molecular alignment-induced spatiotemporal modulation for intense aligning and weak probing pulses around zero time delay. The mixed influences were revealed by time-resolving the combined spatial focusing or defocusing dynamics under different molecular alignment directions and degrees. The nonlinear refractive index and plasma density were extracted straightforwardly, facilitating accurate explorations on multiphoton ionization and nonlinear optical Kerr effects of aligned molecular gases. [8, 11] . Alignment-induced spatiotemporal modulation could facilitate a convenient cross-defocusing measurement to distinguish parallel, perpendicular, and random alignment according to the alignment-induced spatial gradient of the refractive index. Besides the alignmentmediated interaction of the ultrashort laser pulse, the intensity-dependent Kerr effect and orientation-sensitive plasma defocusing also play important roles in the modulating of the refraction index at the zero time delay. All those effects may cooperate or compete with mixed contributions in altering nonlinear interaction of aligning and probing pulses, nonlinear propagation, and alignment-based optical nonlinearities [8] . Accordingly, it is actually inaccurate to analyze the molecular alignment effect without taking the nonnegligible Kerr and plasma contributions into account. A handy method is thus desired to distinguish individual impacts and reflect the cooperative or competitive interferences of relevant effects, including alignment-based spatiotemporal or spectral modulation, Kerr optical nonlinearities, alignment-dependent multiphoton ionization, and plasma defocusing.
Molecular alignment [1] through impulsive rotational Raman excitation has inspired vigorous explorations in the microscopic domain to reveal molecular dynamics and structures for molecular physics and chemistry, such as, full-dimensional molecular manipulation [2] , high-order harmonic generation [3] , molecular-orbital reconstruction [4] , and revivable ultrafast optical buffer with molecular rotational wave-packets [5] , as well as in the macroscopic domain to control optical properties of the molecular gaseous media for intriguing alignmentbased applications, such as alignment-induced spatiotemporal modulation [6] , ultrashort pulse compression [7] , filamentary intense laser pulse propagation [8] [9] [10] , and enhanced broadband supercontinuum generation [8, 11] . Alignment-induced spatiotemporal modulation could facilitate a convenient cross-defocusing measurement to distinguish parallel, perpendicular, and random alignment according to the alignment-induced spatial gradient of the refractive index. Besides the alignmentmediated interaction of the ultrashort laser pulse, the intensity-dependent Kerr effect and orientation-sensitive plasma defocusing also play important roles in the modulating of the refraction index at the zero time delay. All those effects may cooperate or compete with mixed contributions in altering nonlinear interaction of aligning and probing pulses, nonlinear propagation, and alignment-based optical nonlinearities [8] . Accordingly, it is actually inaccurate to analyze the molecular alignment effect without taking the nonnegligible Kerr and plasma contributions into account. A handy method is thus desired to distinguish individual impacts and reflect the cooperative or competitive interferences of relevant effects, including alignment-based spatiotemporal or spectral modulation, Kerr optical nonlinearities, alignment-dependent multiphoton ionization, and plasma defocusing.
In this Letter, we developed a direct measurement method to distinguish cooperation and competition of Kerr and plasma effects with alignment-induced spatiotemporal modulation for synchronized intense aligning and weak probing pulses. The combined spatial focusing or defocusing dynamics of collinearly propagated probe pulse were time-resolved to reveal individual influences of the relevant nonlinear effects under different molecular alignment directions and degrees. The nonlinear refractive index and multiphoton ionization-induced plasma density were extracted straightforwardly, facilitating accurate explorations on the high-order nonlinear Kerr optical effect [8, 12] and orientation-sensitive nonlinear optical responses of aligned molecules. It may also provide accurate information to get a clear understanding of nonlinear interaction of intense ultrashort laser pulses in aligned molecule gases.
Our experiment was carried out with the output from an amplified Ti:sapphire laser system (60 fs, 800 nm, 1 kHz), which was split into two parts by a beam splitter. The reflected beam went through a beta barium borate (BBO) crystal (type-I, 29.2°-cut) to generate the probe pulse (400 nm, 2.85 × 10 12 W ∕cm 2 ), while the transmitted one acted as the pump pulse with the pulse energy adjustable. A half-wave plate located in the pump arm was employed to change the pulse polarization. The two pulses were focused collinearly into a gas-filled cell by using lenses of f 40 and 50 cm with their focal spots spatially overlapped. After the gas cell, the probe pulse was imaged by a 4-f system and only the central part was chosen to be focused onto a photodiode detector [13] . A lock-in amplifier was used to further improve the signal-to-noise ratio. Since the photodiode actually integrated the selected part of the probe pulse, the measured probe intensity variation, which reflected spatial focusing or defocusing, was proportional to the refractive index change in the collinear interaction region. After a long collinear interaction (∼20 cm), the induced focusing/defocusing could bring about observable variation of the probe beam profile. A signal peak and valley could be reached for the pump-induced focusing and defocusing, respectively.
Molecules excited by a spatially Gaussian-shaped pump pulse functioned equivalently as a positive (or negative) lens for the probe pulse polarized parallel (or perpendicularly) along the aligned molecular axis [14] , resulting in an observable increase (or decrease) of the measured probe intensity that revealed Gaussian gradient alignment-induced variation of the refractive index,
where ρ 0 denotes the initial molecular density, Δα is the molecular polarizability anisotropy, Δα α ∥ − α ⊥ , and α ∥ and α ⊥ are the polarizability components parallel and perpendicular to the molecular axis.
For the pump intensity used in our experiments, phase modulation between the pump and probe pulses induced observable intensity-dependent Kerr focusing. As the synchronized pump and probe pulses were polarized parallel or perpendicularly, the nonlinear refractive index variation was given by
where n 2 is the nonlinear refractive index, and I pump is the excited pulse intensity. Plasma defocusing decreased the detected intensity, due to plasma-induced refractive index change, expressed as Δn −2πe
2 N e ∕m e ω 2 0 , where ω 0 , e, N e , and m e denote the angular frequency of the probe pulse, electron charge, plasma density, and electron mass. Figure 1 presents the qualitative features of independent Kerr, plasma, and molecular alignment contributions around zero time delay. The time zero was set at the emerging time of the peak of Kerr effect, which was also the moment that the Gaussian-shaped pump pulse reached its maximum due to the instantaneous impulsive response. The strongest signal of the molecular alignment occurred about 100 fs later owing to the inertial delay. The multiphoton ionization-induced plasma defocusing started with the impulse of the pump pulse, reached its maximum after the pump, and then remained almost a constant for a temporal range of several to tens of picoseconds. By comparing Fig. 1(a) with Fig. 1(b) and Fig. 1(c) with Fig. 1(d) , we could infer that Kerr focusing signals for the parallel and perpendicularly polarized pump and probe pulses exhibited an amplitude ratio close to 3, exactly following the anticipation from Eqs. (3) and (4), while the molecular alignment induced a measured signal change ratio close to 2, coinciding with the relevance《cos 2 θ ∥ 》 2 《cos 2 θ ⊥ 》 1. Rather than the linear increase depending on the pump intensity and polarization that both Kerr and molecular alignment effects obeyed, the plasma contribution exhibited an exponential growth, which could be clearly obtained by the comparisons of Fig. 1(a) with Fig. 1(c) and Fig. 1(b) with Fig. 1(d) . As the molecules were aligned parallel with the probe field polarization [Figs. 1(a) and 1(c)], the Kerr focusing cooperated with the molecular alignmentinduced focusing, pulling the combined signal peak to shift approximately 30 fs forward with respect to the molecular alignment peak. On the contrary, for the perpendicular case, the Kerr focusing counteracted molecular alignment-induced defocusing, a small side peak turned out nearly 30 fs ahead of the Kerr peak, and the total signal valley was pushed about 10 fs away. Figure 2 shows the signal change with the increase of the pump intensity. Figures 2(a) and 2(b) display the simulated molecular alignment at its first revival, which moves slightly forward as the pump pulse intensity increases. Higher pump intensity induced a stronger torque, which gave a little earlier and more powerful kick to molecules, and thus decreased the inertial delay. As observed in the experiments, the Kerr effect, molecular alignment, and plasma impacts acted jointly to have the total signal peak [ Fig. 2(c) ] and valley [ Fig. 2(d) ] pushed backward with the increase of the pump energy. As the probe was parallel polarized with the prealigned molecules, the Kerr effect cooperated with alignment, while plasma produced a contrast impact. Due to different response time, plasma defocusing set more influence on molecular alignment than the Kerr effect. However, in the perpendicular situation, the Kerr effect counteracted alignment contribution, so the sum of the alignment and plasma made the signal valley move backward.
As shown in Fig. 1 , our simulation of the combined contributions from Kerr, plasma, and molecular alignment agrees well with the experimental results, indicating that our method to reconstruct all the three effects is valid in both time and intensity scales. Figure 3 provides the calculated refractive index changes induced by Kerr, molecular alignment, and plasma impacts, which were normalized on the basis of Eq. (1) under the pump intensity of 22.1 TW ∕cm 2 . In the simulation, Δα 0.93 × 10 −24 cm 3 , ρ 0 2.46 × 10 19 cm −3 were adopted. Once the quantitative refractive index variation was obtained, according to Eq. (3), the nonlinear coefficient n 2 could be derived as 0.136 cm 2 ∕EW, which approximated to the recently reported value [15] . In addition, we could perform direct measurements on the plasma density induced by multiphoton ionization. Here, on the basis of the relationship of plasma density and plasma-induced refractive index variation, the stabilized plasma density was extracted as 1.17 × 10 15 cm −3 under the pump excitation pulse of 22.1 TW ∕cm 2 . Moreover, our results indicated that the plasma density increased sharply to 1.72 × 10 16 cm −3 when the pump intensity reached 33.1 TW ∕cm 2 , indicating that there should be a critical intensity above which the molecules were greatly ionized.
In summary, we demonstrated a straightforward method to distinguish Kerr and plasma effects from alignment-induced spatiotemporal modulation, reconstruct their collaborating or competing processes by time-resolving the combined spatial (de)focusing signal peaks or valleys of ultrashort probe pulse under different aligning pulse intensities, and retrieve the nonlinear refractive index variation caused by individual effects for synchronized aligning and probing pulses. The developed method facilitated comprehensive analyses on the relevant nonlinear optical effects of aligned molecules. It may also provide accurate information for in-depth studies on the controversial high-order nonlinear optical Kerr effects, spatiotemporal and spectral or polarization modulation, and multifilamentation.
